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Abstract 

A supersymmetric model with two copies of the Standard Model gauge groups 
is constructed in the gauge mediated supersymmetry breaking scenario. The 
supersymmetry breaking messengers are in a simple form. The Standard 
Model is obtained after first step gauge symmetry breaking. In the case of 
one copy of the gauge interactions being strong, a scenario of electroweak 
symmetry breaking is discussed, and the gauginos are generally predicted to 
be heavier than the sfermions. 



Keywords: gauge interaction, supersymmetry. 
PACS numbers: 12.60.-i, 12.60. Cn, 12.60. Jv 



Typeset using REVT^X 



The naturalness of the Standard Model (SM) implies new physics at the TeV energy scale 
[1]. The most attractive new physics would be dynamical electro- weak symmetry breaking 
(EWSB), as for example the technicolor scenario [2] if it did not have serious flavor changing 
neutral current (FCNC) problems. Furthermore, the heavy top quark needs the assistance of 
the top-color mechanism [3] in this scenario. Both technicolor and top-color ideas introduce 
new gauge interactions which are strong at the TeV scale. New hierarchy problems may 
arise because realistic models in this framework introduce scalar fields. 

Another beautiful new physics scenario is supersymmetry (SUSY) [4] which is broken 
dynamically [5]. It makes the grand unification theories (GUTs) [6] viable. There are indirect 
experimental evidences for GUTs from LEP and neutrino physics. The SUSY extension of 
the SM still suffers from certain problems [7]. It has been realized that SUSY breaking should 
occur in a hidden sector [8]. It was thus very simple to take gravity as the interaction which 
mediates SUSY breaking. However, in general the supergravity [7] case has FCNC problems. 
This problem can be avoided, if the energy scale of messenger physics is much lower than the 
Planck scale. Then it is simple to use gauge interactions to mediate SUSY breaking [9,10], 
with considerably low scales of SUSY breaking and messenger masses. However, this gauge 
mediated SUSY breaking (GMSB) suffers seriously from the so-called /i-problem [10,11]. 

Nature might be more complicated than we thought. In this paper, we consider a SUSY 
model which has two copies of the SM gauge groups. In addition to the above-mentioned 
difficulties in the new physics approaches, we especially note that the fermion mass pattern 
and CP violation have no full understanding. Ref. [12] proposed that SUSY might be used 
for an understanding of the flavor puzzle: the muon mass originates from the sneutrino 
vacuum expectation values (VEVs), whereas the tau mass originates from the Higgs VEV. 
To be consistent, later it was proposed [13] that the top quark obtains its mass mostly from 
some dynamical mechanism, namely the top-color mechanism. Furthermore this SUSY top- 
color model with GMSB is well-motivated since it has no FCNC problem. But it has some 
drawbacks. It is irrelevant to GUTs. And the SUSY breaking messengers are in a very 
complicated form. 

2 



It will be interesting to consider models with SU (3) x SU (2) x U(l) x G gauge interactions, 
where G stands for an unspecified group. The SUSY breaking messengers are taken to be 
foundamental representations of SU(3) x SU{2) x U(l) and G. To be specific and without 
losing generality, in this paper we add one more SU(2) gauge interaction into the top- 
color like interactions. The gauge interactions are separately unifiable. The form of SUSY 
breaking messengers is relatively simple. We do not consider the fermion mass problem. 
One group of gauge interactions is not necessarily strong. There are other motivations for 
such theories [14-18]. 

We study a SUSY theory with the gauge group G\ x G 2 in the framework of GMSB, 
where G; = SU(3)i x SU(2)i x £/(l), (i = 1,2). The three coupling constants of Gi can be 
large, and those of G 2 are small at the TeV scale. The three generations of matter carry 
nontrivial quantum numbers of G 2 only. These numbers are assigned in the same way as 
they are under the SM gauge group. 

Let us first discuss SUSY breaking. One gauge singlet chiral superfield X is introduced 
for this purpose with the following superpotential, 

m = ~l4 VSY X , (1) 

where /^susy is the SUSY breaking scale. The SUSY breaking is communicated to the 
observable sector through the gauge interactions by the messengers with SU(3)i x S77(2)i x 
C/(l)i x SU(3) 2 x SU(2) 2 x U(l) 2 quantum numbers 

T\, T\' = (3,2,|,1,1,0), ^,^' = (3,2,-1,1,1,0); 
T 2 , T 2 = (1,1,0,3,2,|), f 2 , f 2 ' =(1,1,0,3,2,-1) 

which have direct interactions with X. The relevant superpotential is 

Wi = m 1 (T i'Tx + T^fx) + m 2 T{f x + m 3 (f 2 T 2 + T 2 f 2 ) + m 4 T 2 T 2 
+X{c l T 1 f l + c 2 T 2 f 2 ), 

where C\ and c 2 are coupling constants of order one, rrij (j = 1 — 4) are mass parameters 
of the same order. It is required that m 2 /m 4 ^ c\jc 2 so that the terms proportional to 
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m 2 and m 4 cannot be eliminated by a shift in X. The model conserves the number of the 

(') 

messengers. In addition, the superpotential has a discrete symmetry of exchanging and 
Tj . The introduction of SUSY breaking is a generalization of that given in Ref. [9]. 

The messenger fields are massive at tree level. Because the auxiliary component of the 
X field has non-vanishing VEV /Xg USY , SUSY breaking occurs in the fields T t n, s and t/ } 's 
at tree level. 

It is via quantum effects that the messengers mediate SUSY breaking to the G\ and G 2 
sector. In the case of weak gauge interactions, the perturbation method based on the gauge 
coupling constant expansion is used to calculate soft SUSY breaking masses. Gauginos 
acquire masses mainly at one-loop order [9,10], 

M AW ^ Cl ^X, (4) 

where afi = g^p 2 /An with being the gauge coupling constants of G\ (G2). And r = 1, 2, 3 
corresponding to the groups U(l), SU (2), and 577(3), respectively. The scalar particles of the 
matter fields in G\ and G 2 obtain soft masses at two- loop order (except for the messengers) . 

In case G\ is strong, the corresponding soft masses cannot be calculated perturbatively. 
They should be the order of 

M Ar ^ Cl ^. (5) 
m\ 

There might be a suppression factor which ranges 1 — 1/10, because nevertheless there is no 
tree-level interaction between these matter and X. 

The G\ x G 2 gauge symmetries break down spontaneously to the SM, S77(3)i x SU (3) 2 — > 
SU(3) C , SU(2) 1 x 51/(2)2 -> SU(2) L and x U{1) 2 -> U(1) Y through a pair of Higgs 

superfields which are nontrivial under both Gi and G 2 - Their SU(3)i x SU(3) 2 x SU(2) 1 x 
SU(2) 2 x U(l)i x U(l)2 quantum numbers are assigned as follows, 

^(3,3,2,2,1-i), $ 2 (3,3,2,2,-i 1) . (6) 

Their scalar components develop VEVs. One gauge singlet superfield Y is introduced for 
the gauge symmetry breaking. The superpotential of them is written as follows, 



W 2 = cY[Ti(^ 2 )-p' 2 ], (7) 

where the trace is taken with regard to both S77(3)i x S , f/(3) 2 and SU(2) 1 x SU(2) 2 . pi is 
the energy scale relevant to the gauge symmetry breaking, and c' is the coupling constant. 
The way of introducing Y and X more naturally was discussed in Ref. [19] where this kind 
of field was taken to be composite. Note that the $j's have no direct interaction with the 
field X. They get soft masses 

2 2 2 /o\ 

where 



in the weak interaction case. In the strong interaction case m$ is that given in Eq. (5) 
The VEVs of the $j are written as 



= vih ®h, and ($ 2 .) = v 2 I 3 <E> ^2 , (10) 

where J 3 and J 2 are the unit matrices in the space of SU (3)i x S77 (3) 2 and SU (2)i x SU (2) 2 , 
respectively, t>i and v 2 are determined by the minimum of the following scalar potential: 

V = \c'(3v 1 v 2 - p' 2 )\ 2 + 9 ±^{v\ - vlf + ml{vl + v 2 2 ) . (11) 

It is easy to see that for dp' 2 > m>%, 

— TS^-^T- (12) 

The coupling constants of the SM SU(3) C x SU(2) L x U(1) Y are 
111111111 

^f"^ + ^' ?~^ + ^' 7 2 ~7i + tf- (13) 

It is also easy to show that, orthogonal to the massless fields, the massive gauge bosons are 
A r = Sr ^ r + Sr ^L ? with masses m r = \fgf+ g'r\jv\ + v 2 ■ (14) 



g' 2 



Note in the above expression, r is not summed. 

The full gaugino masses are determined by both the soft masses and the spontaneous 
gauge symmetry breaking. The gauge interactions of the Higgs fields $1,2 are given by 



D y/2ig r Tr ($^1 + 4K®i s ~ $2^2 ~ 4K®2 S ) ( 15 ) 

where the V^'s are the gauge vector superfields of Gi(G 2 ), ^1,2 stand for the fermionic 
components of $i )2 . In more detail, we decompose $i j2 as follows, 

$1,2 = $? )2 J 3 <g> h + $?,2 7 3 ® <7° + $1,2*° ® / 2 + $?,2 r ® > ( 16 ) 

where a a (a = 1 — 3) and t a (a = 1 — 8) are Pauli and Gell-Mann matrices, respectively. 
It is the scalar components of which get VEVs as written down in Eq. (10). It is then 
easy to see that the ip^ 2 combine A 2 ^ , and the ip® 2 combine to form the massive gaugino 
states for the S , t/(2)'s and SU(3ys; and ?/>° 2 combine for t/(l)'s, after gauge symmetry 



breaking. Due to Eq. (7), the higgsino (t^i + ^iV^)/ Jvj + v\ and the fermionic component 



of Y form a massive Dirac higgsino state with mass c' \Jv\ + v\- Considering the soft masses, 



we see that the mass matrices of the gauginos and the higgsino {y\ty\ — V21P2)/ yvf + v^ can 
be written as 



M K g'Jvf 



(17) 



Any mass eigenstate is a mixture of the gauginos and the higgsinos. All the gauginos are 
massive. As expected, if the soft masses M\ r and My r are both zero, the SM gauginos are 
massless. Soft masses are required to make the SM gauginos massive. It is interesting to 
note , however, if only one of the soft gaugino mass, say M\ r vanishes, the SM gaugino 
masses are still massive. Note that we have the freedom to add a mass term for $ x and 
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$ 2 in Eq. (7), which gives nonzero contribution to the (3-3) entry in the matrix (17). Our 
previous considerations will be unaffected if this mass is not too large to break the gauge 
symmetry. 

Although the model we have described can be self-consistent, it is not complete from the 
GUT point of view. GUT partners of the messengers and the Higgs' should be introduced. 
Note that although the messengers and the Higgs' are in foundamental or bi-foundamental 
representations of G\ <E> G 2 , they are not necessarily in foundamental representations of 
unified groups. If Gi unifies into 577(5), they are in 10- representation of SU(5). On the 
other hand, if Gi unifies into SO (10), they are part of the foundamental representation. For 
the messengers, the following partner fields are introduced, 



Tie j 


rpl 


= (1,1,2,1,1,0), fi e , f[ e — 


(1,1,-2,1,1,0); 


Tin , 


rpl 

1 lu 


— (3,1,—3,1,1,0), Ti u , T[ u 


= (3,1,|,1,1,0); 


T2e , 


rpl 

1 2e 


= (1,1,0,1,1,2), T 2e , T 2 ' e = 


(1,1,0,1,1,-2); 


T2u 1 


rpl 
1 2u 


— (1,1,0,3,1,-3), T 2u , T' 2u 


= (1,1,0,3,1,|). 



(18) 



They will be generally denoted as T GUT and T GUT . Similarly for the Higgs', we introduce 
their GUT partners $igut an d $2gut- F° r all these fields, we trivially write down mass 
terms in the superpotential, 

— m T GU T (TgutTgut) + m* GUT Tr (<$>igut$2gut) ■ (19) 

Both Tout's and $ g ^t's are just GUT partner fields of the messengers and the Higgs'. m TGUT 
is about ~ rrij in Eq. (3), and m$ GC/T ~ m$. These partner fields are not messengers and 
Higgs's themselves, because they do not play any role in SUSY breaking mediation and 
gauge symmetry breaking. 

Numerically we consider two cases of the gauge coupling constants. Unifications in Gi 
and in G 2 are implied, although we do not study such unifications in any detail in this paper. 
To be natural, the G\ x G 2 gauge symmetry breaking scale v is required to be at (1 — 10) 
TeV. The first case is that g r and g' r are at the same order. From Eq. (13), we see that 
they should be close to the values of the SM gauge coupling constants at the energy scale v, 
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namely g r ~ g' r ~ 0.1. The second case is that the g r 's are much larger than the g'^s. Only 
the g' r 's are close to the SM couplings, g r ^> g' r ~ 0.1. In any case, /xsusy and m^'s are taken 
to be about (100 — 1000) TeV. Hence messengers Tj's have masses around (100 — 1000) TeV. 
The soft masses of the three generation matters are about 100 GeV. In the first case, the 
soft masses of the $i 2 are about (100 — 1000) GeV. By taking // ~ (1 — 10) TeV, we obtain 
v ~ (1 — 10) TeV. The soft masses of the <£>i i2 do not play a significant role. The gauge 
symmetry breaking basically determines the mass pattern. The gauginos corresponding to 
the broken groups, which eat the higgsinos, are of masses ~ gfiv ~ (100 — 1000) GeV. The 
mass matrix (17) results in SM gaugino masses of about ~ ^ A w ~ 100 GeV. 

The second case is more interesting. Because Gi is strong, the $i i2 are as heavy as 100 
TeV. Taking // ~ 100 TeV in Eq. (12), it is seen that through tuning, we can have v ~ 10 
TeV. The gauginos of G\ are about (10 — 100) TeV. The G 2 gauginos which largely mix with 
the higgsinos are ~ g' r v ~ 1 TeV. In this case the gauginos are generally heavier than those 
of the first case. 

Now let us discuss EWSB. A pair of Higgs superfields H u and H d which are nontrivial 
only under G 2 are introduced. They are just the SM-like two Higgs doublets in G 2 . The 
soft masses of them, similar to that of the three generation matter, are generated at the 
two-loop level, ~ 100 GeV. After gauge symmetry breaking G\ x G 2 — > SM, also like the 
three generation matter, those Higgs doublets have the expected quantum numbers in the 
SM. The /x-term and f^-term are essential for EWSB. As usual, we do not assume direct 
interactions of the electroweak Higgs and X. They can be introduced straightforwardly in 
the ways discussed in models with SM gauge groups [9-11,19,20]. With the correct /i- and 
.B^-terms, the large top quark Yukawa coupling radiatively induces EWSB. 

In the second case of gauge couplings discussed above, we find that $1 and $ 2 play 
very useful roles in EWSB. We introduce the following nonrenormalizable interaction in the 
superpotential 

W 3 = c'^Tr ($!$ 2 )Tr (H u H d ) , (20) 
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where the coupling c" ~ 0(1). It results in that /i ~ — ~ 1 TeV. Note that this super- 
potential does not produce a 5^-term at tree level. The £? M -term should be in the form 
of 

c'"XTi(H u H d ) (21) 

with a very small effective coupling constant c'" ~ 10~ 4 . Then ~ c'Vsusy- c'" may be 
understood as originating from W 3 at the two loop-level, as shown in Fig. 1. From the 
figure we obtain 

^(^Vlfc^V-lTfeV, (22) 
H V4vr/ n' \ mi ) 

after taking a r to be 0(1). 

In summary, we have proposed a SUSY 5C/(3)i x SU(2) 1 x U(\)i x SU(3) 2 x SU(2) 2 x 
U(l) 2 model with GMSB. The messenger fields tQ and T l>2 ( '\ the Higgs fields $i and $ 2 
are in simple forms. The superpotential is given as 

W = Wo + Wi + m + W 3 . (23) 

The SM is obtained after gauge symmetry breaking. In the case that SU(3)i x SU(2)i x 
U(l)\ is strong, an EWSB scenario has been discussed. This model predicts additional 
gauge bosons, gauginos and Higgs particles with masses ranging from 100 GeV to 100 TeV 
depending on the choices of gauge coupling constants. In the interesting case of G\ being 
strong, the SM gaugino masses are predicted to be about 1 TeV which are generally heavier 
than the sfermions and higgsinos in the SM. Future exeriments will check this type of models. 

Several final remarks are in order, (i) The model can be extended to have unifications 
in G\ and in G 2 separately. The unification of strong G\ avoids the Landau pole problem. 
It should occur at the energy scale not far above the messenger scale ~ 100 TeV. However, 
the introduction of Higgs fields $i j2 adds many flavors into the model. It makes both G\ 
and G 2 being non-perturbative at 100 TeV. This non-perturbative unification is beyond the 
scope of this work. The values of the SM coupling constants are almost fully determined 



by those of G 2 . Therefore the unification of G 2 will explain the observed unification of the 
gauge coupling constants in the minimal SUSY SM. 

(ii) Nontrivial fermion mass origin can be considered in case G\ is strong. We may move 
the third family matter fields into G\. A non-SUSY version of G\ x G 2 should be studied in 
this case. Note that if we switch off the strong SU(2) in G 1: our model looks like a SUSY 
top-color model [13], but with a simpler messenger structure. 

(iii) The relation of the SUSY breaking scale and the G\ x G 2 gauge symmetry breaking 
scale should be studied further, especially considering that in the strong G\ case, /isusY ~ A*'- 
We have noted that certain cancellation can be made by tuning // in Eq. (12). But this is 
not a fine tuning. It is natural in the sense of 't Hooft. With such a tuning, a small number, 
namely a lower energy scale can be generated. 

(iv) As having been noted after Eq. (17), if M\ = 0, SM gauginos are still massive. 

(') ~ (') 

Therefore generally speaking, and Xi fields, as well as their GUT partners are not 
necessary to make the models phenomenologically viable. 

(v) The discussion on EWSB was not satisfactory, because it relies on complicated or 
non-renormalizable interactions. In the case of G 1 being strong, new matter or the third 
family matter can be introduced in the Gi sector. Because of GMSB, the superpartners in 
this sector are very heavy ~ 100 TeV. They decouple at (1 — 10) TeV energy scale. At this 
low energy scale the fermions, on the other hand, can form condensates due to the strong 
gauge interactions. Thus, there exists a possibility that EWSB occurs dynamically in this 
framework. 
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FIGURES 




FIG. 1. Two-loop generation of the term. 
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